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PHYSIOLOGY OF THE ARTHROPODAN CIRCU¬ 
LATORY MECHANISMS 

By N. S. Rustum Maluf 
Osborn Zoological Laboratory, Yale University 

11 . . . the circulation of the blood in insects is, in fact, incom¬ 
prehensible if one supposes that the blood circulates as the result 
of propulsion by a positive pressure.” 

—Franck Brocher 
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for the carriage of activating substances such as hormones and 
electrolytes. In arthropods whose blood has a significant respira¬ 
tory function, the circulation of the blood is also of importance 
in the transportation of an adequate supply of oxygen to the cells 
and in the carriage of carbon dioxid from the vicinity of the cells 
to the respiratory organs. The circulation is of no appreciable 
respiratory importance in arthropods with a well developed 
tracheal system. 

A. GENERAL ANATOMY 

An exhaustive survey of the anatomical contributions to the 
heart is not attempted. Only important types are selected. 

The circulatory system is characterized, except where it is 
degenerate or absent, by a dorsal muscular tube, or heart, pro¬ 
vided with openings, or ostia, and usually extending anteriorly 
to the brain as the aorta. The ostia are often furnished with valves 
and are characteristic of arthropods. The heart does not have true 
chambers, each “chamber” of the elongated hearts being indi¬ 
cated solely by a swelling and by the ostial valves. The valves 
generally direct anteriorly and prevent a reflux of blood. In 
the larva of the ephemerid, Cloeon (Zimmermann, 1880), the 
posteriormost pair of valves direct posteriorly since the heart, 
instead of ending blindly at the anal end, as it does in most 
insects, gives off a single artery into each of the three terminal 
abdominal cerci. Posterior, lateral, and ventral arteries exist 
among the Crustacea and Arachnida and always open, often after 
extensive branching, into the body cavity, or hgemocoele. 

“I have also observed,” wrote William Harvey (1628), “that 
almost all animals have truly a heart, not the larger creatures only, 
and those that have red blood, but the smaller and pale-blooded 
ones also, such as . . . shrimps, crabs, crayfish, and many others; 
nay, even in wasps, hornets and flies, I have with the aid of a 
magnifying glass, and at the upper part of what is called the tail, 
both seen the heart pulsating myself and shown it to many 
others. ’ ’ This is the first record of the observation of a pulsatile 
vessel among arthropods. 

The heart is always suspended from the integument by con¬ 
nective tissue fibers known as suspensory ligaments. A thin 
membranous sheet (the dorsal diaphragm or pericardial septum), 
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often fenestrated, containing cells and usually muscle fibers 
(alary muscles) extends from the ventral surface of the heart 
to the integument of the dorso-lateral regions, thus separating 
the pericardial from the visceral sinus. The dorsal diaphragm 
and its alary muscles were first described by Swammerdamm 
(1669, pt. I, p. 136) : “All along the course of the heart in the 
Cossus , similar moving fibers are likewise placed, which are in¬ 
serted into the heart itself; and, they like so many different little 
ropes, expand and contract it. ” A century later, Lyonnet 
(1760) called the “appendages from the heart’’ of caterpillars 
the “Ailes du Coeur” but there is no evidence that he believed 
such to be muscular although one of his celebrated figures shows 
them as fibrous structures. Straus-Durckheim (1828), in an 
immortal work crowned in 1824 by the Royal Institute of France, 
called them the “ oreillette. ” Dogiel (1877) christened the 
septum and its muscles the ‘ ‘ diaphragm. ’ ’ 

1. Onychophora (Peripatus ). The heart, composed of un- 
striated and chiefly circular muscle fibers, is a long dorsal vessel 
running throughout the body length. It has segmentally paired 
ostia provided with valves. The fenestrated dorsal diaphragm 
has unstriated alary muscles which run transversely from the 
cuticle and spread fan-like towards the ventral surface of the 
heart. There are no arteries (Gaffron, 1885). In most other 
arthropods the heart and alary muscles are striated. In some 
insect larvae the striations are at least not apparent (c/. Snod¬ 
grass, ’35) and probably do not exist (Bergh, ’02). 

2. Xiphosura (Limulus polyphemus) . The heart (Fig. 8) is 
elongated and lies in the cephalothorax. It has four pairs of 
valved ostia, o , a corresponding number of chambers, and four 
pairs of lateral arteries, la. Three arteries emerge at its anterior 
end and subdivide considerably. The dorsal diaphragm is 
musculated. Because of the large heart and extensive branch¬ 
ing and ramification of the arteries (Dohrn, 1871; Edwards, 
1872; Patten & Redenbaugh, 1899-’00), Limulus has a more 
highly developed circulatory system than any other arthropod. 

3. Scorpionidea. The circulatory system of scorpions is very 
similar to that of their xiphosuran relative. The heart has seven 
pairs of valved ostia. In contrast to Limulus , there is a posterior 
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aorta in addition to anterior and lateral arteries. The anterior 
arteries subdivide and communicate with the perineural sinus 
supplying; blood to the lung-“ books,” or hypoclermal folds 
(Potts, ’32). 

4. Araneida. The heart of spiders has three ostia the largest 
of which, i.e. the anterior one, receives blood from the lung- 
“ books. ” The posterior and anterior ends of the heart are each 
attenuated into an aorta. Three pairs of lateral arteries arise 
from the heart. At its anterior end the dorsal diaphragm forms 
a pair of open lateral veins through which the pericardial sinus 
receives aerated blood from the lungs (Causard, 1896; Franz, 
’03; Willem, ’17). 

5. Acarina. The single-chambered heart (Fig. 1, h) has two 
pairs of ventrally situated ostia and extends anteriorly as an 
aorta, ao. The aorta swells out into a large periganglionic sinus, 
pg, which completely envelops the much consolidated central 
nervous system, its nerve fibers, the oesophagus, oe, pharynx, p, 
and dilator muscles of the pharynx, dp. The musculature of the 
aorta is more sparse than that of the heart. The walls of the 
sinuses have no muscles. A dorsal diaphragm is absent but 
dilator muscles extend from the dorsal surface of the heart to the 
integument (Robinson & Davidson, ’13). According to Edwards 
(1872), a somewhat similar condition exists in Limulus, the 
somatic nerves of which were described as travelling within the 
arteries. 

6. Tardigrada and Pentastomida. These minute, free-living 
forms possess no circulatory or respiratory organs (Huxley, 1878, 
and Shipley, ’09). Movements of the viscera suffice for the cir¬ 
culation of the clear colorless blood which, in tardigracles, evapo¬ 
rates during dry weather and is soon replaced during rain 
(Shipley). The small size of these animals renders special out- 
foldings, as extra surface for gaseous exchange, unnecessary 
owing to their relatively large surface mass ratio. 

7. Pantopoda (Pycnogonida ). The heart runs from the 
level of the eyes to the abdomen. It has two pairs of lateral 
valvular ostia and sometimes an unpaired one at the posterior 
end. The fenestrated dorsal diaphragm extends into the distal 
extremities of the limbs ( cf. Thompson, ’09). 
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Fig. 1 . Dorsal aspect of tlie circulatory system of the tick, Argas per- 
sicus, showing related organs, ao, aorta; cs, cheliceral sinus; dp, dilator 
muscles of pharynx; h, heart; o, ostium; oe , oesophagus; p , pharynx; pd, 
pedal sinuses; pg, periganglionic sinus; pn, pedal nerves; pp, peripha¬ 
ryngeal sinus; ps, ps’, palpal sinuses; sg, supraoesophageal ganglion; sn , 
splanchnic nerve; ss, splanchnic sinus. (After Robinson & Davidson.) 
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8. Crustacea. The Cirrepedia have no heart. The Ento- 
mostraca may have an elongated dorsal vessel with numerous 
pairs of ostia ( e.g., Brancltipus, Apus ), or a sac-shaped heart 
with one pair of ostia {e.g., Daplinia) or no heart at all {e.g., 
Cypris). In the Amphipoda the heart is in the thorax and 
usually has three pairs of ostia. In the Stomatopoda the heart 
is in the abdomen and is an elongated vessel with several pairs 
of ostia (Delage, 1881, 1883). It is noteworthy, in this connec¬ 
tion, that in the Amphipoda the thoracic appendages are trans¬ 
formed into gills while in the Stomatopoda the branchial tufts 
are borne on the abdominal swimmerets. In arthropods with 
blood gills or lung-“books” the heart is situated in the region 
of the body whence it can draw aerated blood from the vicinity 
of the gills as directly as possible. 



Fig. 2. The isopod Anilocra mediterranea. A. Arterial system with 
the dorsal aspect of the efferent branchial system; dorsal half of body wall 
removed. B. Venous system with the afferent branchial vessels; heart and 
arteries removed, a, afferent branchial vessels; ar, arteries; as, abdominal 
sinus; e, efferent branchial vessels; ar, arteries; as, abdominal sinus; e, 
efferent branchial vessels; g, gut; h, hepatopancreas; lit, heart; Is, lateral 
sinus; or, pericardial orifice of an efferent branchial vessel; os, ostia; ov, 
ovary; t, telson. (After Delage.) 
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The abdominally situated heart of isopods (Figs. 2 and 3, ht) 
sends several arterial branches anteriorly (Fig. 2A, ar) and one 
posteriorly. Into the otherwise closed dorsal diaphragm, open 
efferent vessels (Figs. 2A and 3, e and or) from the gills. There 
are five pairs of such vessels in Anilocra mediterranea. On the 
floor of the thorax and extending into the head are lateral 
sinuses (Fig. 2B Is) with large ostia, os. In the abdomen these 
sinuses are fused into a single median sinus (Figs. 2B and 3, as) 



Fig. 3. The isopod A. mediterranea. Transverse cut through the abdo¬ 
men. a, afferent branchial vessel; e, efferent branchial vessel; g, gut; gi, 
gills; Jit, heart; p, pericardium. Arrows represent the direction of flow of 
the blood. The afferent stream is in solid black; the efferent is stippled. 
(After Delage.) 

which gives off five pairs of afferent vessels, a, to the gills. The 
sinuses and branchial vessels are not mere blood streams but have 
definite limiting epithelia. There are spaces without tissues sur¬ 
rounding these vessels so that the cylindrical shapes of the vessels 
would not have been obtained upon the use of injections were it 
not for the presence of definite walls. The amphipods and 
laemodipods ( e.g., Caprella) do not have arteries in the limbs, as 
the isopods and schizopods do, but have sinus vessels instead. 
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Decapods (Fig. 6) and schizopods have branching arteries but 
no definite branchial or sinus vessels, the blood flowing through 
lacunar spaces. Although in all cases the heart is attached to 
the immediately surrounding tissues and dorsal integument by 
ligaments, it is, in the isopods and amphipods, completely en¬ 
closed by the dorsal diaphragm (Fig. 3, p). In the lsemodipods, 
anisopods, decapods, and schizopods the dorsal diaphragm does 
not completely surround the heart but forms a ventral floor to 
such, as it does in the majority of arthropods. The dorsal dia¬ 
phragm of the lobster extends into the gills (Fig. 6) as does that 
of the Pantopoda into the legs, that of the chironomid larvae into 
the anal appendages (Fig. 4), and that of the amphipods, 
Phronima sedentaria (Fig. 5) and Gammarus pulex, into the 
locomotor appendages. 



Fig. 4. Left side of the posterior region of the abdomen of a Chironomus 
gregarius larva, ao, aorta; da, dorsal anal appendage; H, heart; 0, 
ostium; pa, anterior tubule; pc, posterior clasper; pt, posterior tubule; S, 
trunk segments; se, septa; va, ventral anal appendage. Arrows indicate 
the course of the blood. The septa are represented by dotted lines. (After 
Pause.) 

9. Chilopoda and Diplopoda. The heart extends throughout 
the length of the trunk, having ostia in each definitive segment. 
The branches consist of lateral segmental arteries and an anterior 
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aorta. A pair of anterior arteries surround the gut and join 
ventrally to form the supraneural artery (Newport, 1843; Vogt 
& Yung, 1889-94). 

10. Hexapoda. With the exception of a few Orthoptera and 
Apterygota (c/. Snodgrass, ’35) the heart of insects is restricted 
to the abdomen where the major portion of the absorptive region 
of the alimentary tract lies. Since the oxygen capacity of insect 



Fig. 5. Schematic transverse section through the thoracic segment of 
the amphipod Phronima sedentaria. A. With heart in the systolic phase. 
B. With heart in diastole, a, alary muscle; g, gut; h, heart; n, nerve cord; 
p, pericardial septum; ps, pericardial sinus; vs, visceral sinus; s, suspensory 
ligaments. (After v. Haffner.) 
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blood approximates that of water and may, in fact, be nil (Bar- 
ratt & Arnold, ’ll; Bishop, ’23; Florkin, ’34), the circulation of 
the blood in these animals cannot be of much respiratory signifi¬ 
cance but is of nutritive importance. Hence the adaptive advan¬ 
tage of having the ostiated heart in a region as close as possible 
to the absorptive portion of the gut. The heart extends an¬ 
teriorly as an aorta (non-ostiated) which often possesses cir¬ 
cular muscles such as in the Heteroptera (Maluf, ’33). Dorsal 
diverticula of the aorta occur in some Odonata, Orthoptera, 
Coleoptera, and Lepidoptera (Brocher, ’20; cf. Snodgrass, ’35). 
The heart of the water scorpion, Nepa cinerea (Hamilton, ’31), 
yields two arteries posteriorly which pass into the muscles of the 
anal and genital armature. The aorta of the Corethra larva 
is contractile (Tzonis, ’36). 

The dorsal diaphragm is commonly arched upwards and gen¬ 
erally contains muscles fibers. In the honeybee larva (Nelson, 
’24) it is apparently exceptional in possessing no muscles. These 
muscles are attached to the ventral surface of the heart and in 
some forms, such as Nezara (Maluf, ’33), they cross over to the 
opposite half of the body. The septum of the dorsal diaphragm 
may or may not be fenestrated; but there is always a communica¬ 
tion between the visceral sinus and the pericardial sinus through 
the lateral segmental openings. In Cliironomus larvae the sep¬ 
tum of the dorsal diaphragm extends into the appendages at the 
posterior end of the trunk (Fig. 4) thus dividing the cavities of 
the appendages into channels for the inflow and outflow of blood. 
Pause (’18), probably erroneously, did not consider these septa 
as pertaining to the dorsal diaphragm and supposed the latter to 
be completely lacking. In the region of the posterior clasper, 
pc, the diaphragm septum extends as a funnel, F, the orifice of 
the funnel being, presumably, morphologically a fenestrum in 
the dorsal diaphragm. 

The ventral diaphragm is not universally present but is well 
developed in acridid Orthoptera and the Hymenoptera (c/. Snod¬ 
grass, ’35). In the grasshopper, Dissosteira, it extends from the 
head into the seventh abdominal segment. In the anterior part 
of the thorax it is a delicate membrane without muscles; pos¬ 
teriorly it has fine transverse fibers which attach laterally to the 
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integument and leave a series of intersegmental openings along 
the lateral margins of the diaphragm. It contains no cells other 
than muscle cells and apparently has no supporting membrane. 

B. BLOOD PRESSURE AND CIRCULATION 

In the early days of microscopical anatomy it was assumed 
that the “vital fluid’’ [blood] of the lower animals travels 
through veins and arteries as it invariably does in vertebrates. 
Malpighi (1669), the discoverer of the capillaries in vertebrates 
and hence, virtually, of the closed type of circulation, says this 
concerning the silkmoth caterpillar: “I have not as yet recog¬ 
nised for certain any arteries, containing the vital fluid, issuing 
from the heart; sometimes, in a pupa, remarkable segmental 
branches appeared to me, which I supposed to be arterial 
trunks.” Swammerdamm (1669) believed he knew why he 
could not observe blood vessels in an Ephemerus larva: “No 
veins or arteries are seen in it for the blood of these insects is 
of a watery colour, and therefore does not distinguish the vessels 
containing it from the other parts.” Concerning the honeybee 
larva he writes: “. . . the vessels in it, which carry and return 
the blood, are so very delicate and transparent, that I was not 
able to discern them.” He injected the heart of a silkmoth larva 
by blowing a colored liquid into it through a fine glass pipette. 
“By these means, and then gently blowing into it, the heart and 
many of the vessels shooting out from it [italics mine] may be 
filled.” “The vessels shooting out from it” may have been the 
tracheae. Power (1664, p. 59) entertained similar opinions and 
speaks of the louse as having “a purple Liquor or Bloud, which 
circulates in her (as the Noblest sort of Animals have;) which 
though it only be conspicuous in its greatest bulk, at the heart, 
yet certainly is carried up and down in the Circulatory vessels ; 
which veins and arteries are so exceedingly little, that both they 
and their liquor are insensible: For certainly, if we can at a 
Lamp-Furnace draw out such small Capillary Pipes of Glass 
that the reddest Liquor in the World shall not be seen in them 
(which I have often tried and done) how much more curiously 
can Nature weave the Vessels of the Body. ...” 

It was a time before zoologists could conceive of an open blood- 
vascular system. Thus, some of the best morphologists in Europe, 
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such as Audouin & H. M. Edwards (1827, 1827a), A. M. Edwards 
(1872), and R. von Hertwig (’00) believed that the circulation 
of Limulus and decapod Crustacea is closed., Even as late as 
1911 Leontowitsch remarked that the circulation is the insect, 
Ranatra, and the shrimp, Palcemon, is closed although he stated: 
“ Without microscopical preparations it is difficult to determine 
if these passage-ways (for the blood) are capillaries or merely 
body lacunae.” Identical observations had been noted by Leeu¬ 
wenhoek (1688) on scorpions and crabs. Similar apologetic state¬ 
ments were made by Audouin & Edwards (1827) and Edwards 
(1872) as regards the “veins” of Crustacea and Limulus : “The 
walls of the vessels are of an excessive tenuity . . . only at their 
termination at the venous sinuses is it possible to recognise that 
they have an independent existence. ...” They believed that 
the veins from the limbs enter the sinuses. Patten & Redenbaugh 
(1899-’00), in their classical work, could find no veins in Limulus. 
Lund (1825) was one of the first to state that decapod Crustacea 
possess no veins. In attempting to explain the manner of cir¬ 
culation in the limbs of insects, Louis Agassiz (1851), in a paper 
that became translated into French, stated that the notion that the 
tracheae are normally filled with air is only a relic of the times 
before William Harvey when men believed that undissolved air 
permeated the ciculatory of vertebrates. 

While Hertwig ( loc . cit.) may not have implied a closed circu¬ 
lation in the morphological sense, he wrote that “the highly 
localised respiration implies an essentially ( nahezu ) closed blood 
system.” In this he was right. Thus, by means of injection, 
Baron Cuvier (1805), one of the past master morphologists 
of Europe, found, in decapod Crustacea and a branchiopod 
(Squilla) that the blood leaves the heart to the different parts of 
the body; then to the large trunk sinuses; from the sinuses to 
the gills; and from the gills to the heart. He also showed that 
the blood entering the heart must first pass through the gills 
(hence the position of the heart in the vicinity of the gills 
and the fact that the pericardial diaphragm offers orifices only 
to the blood leaving the gills) ; that the blood can enter a gill 
solely by way of its ventral “vessel”; that the blood traverses 
the gill blade to its dorsal “vessel” and hence directly to the 
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heart (Figs. 3, 6, and 7). These results were confirmed by 
Audouin & Edwards (1827) and Plateau (1880). The former 
also showed that the ventral 1 “vessel” of a gill does not open 
into the heart but believed that the dorsal “vessel” does. They 
must, however, have mistaken the dorsal diaphragm for the heart, 
the description of the dorsal diaphragm of an arthropod appear¬ 
ing in print one year later (p. 229). Otherwise, their description 
is correct if the term lacunae is substituted for “vessels.” The 
significance of the aspirating action of the arthropod heart in 
drawing blood from the gills is now significant and is an excellent 
substitute for a double circulation and a heart which drives blood 
almost exclusively by propulsion. In the gills of the crab, Maia 
(Dubuisson, ’28), there is only a 6 mm. of water difference be¬ 
tween the blood pressure in the cephalothoracic visceral sinus and 
the pericardial sinus. 

1. Pressure. When it became known that, among arthropods, 
the arteries open freely into the body cavity the problem of the 
mode of circulation through the narrow and elongated limbs 
became acute. In a closed blood-vascular system it is easy to see 
how blood can be kept in continuous motion solely by positive 
pressure. In mammals at least (Starling, ’20, p. 946), expansion, 
per se, of the heart is a negligible factor in determining the rate of 
blood flow since the intraventricular pressure is never negative. 
Among arthropods the situation is quite different. “The mech¬ 
anism of the circulation of the blood in insects,” wrote Brocher 
(’31), “is, in fact, incomprehensible if one supposes that the 
blood circulates as the result of propulsion by a positive force. 
It becomes easy to understand once one realises that the flow of 
blood is the result of an aspiration and that in the body of insects 
this liquid is normally under a negative pressure.” Brocher 
(’20, ’31) has noted that, in general, the blood flow of insects is 
under negative pressure except in regions close to the orifice of 
the aorta. Contrary to what happens in animals in which the 
blood passes through definite vessels under a positive pressure, 
incisions through most regions of the integument cause either 

1 Their terms of £ 1 external’’ and C( internal” for dorsal and ventral, used 
in this paper, apply only to arthropods with erect gills (Fig. 6) and not to 
those with dangling gills (Fig. 3). 
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no continuous haemorrhage or no haemorrhage at all. In many 
cases ( e.g., in leg stumps of a crayfish or insect) if a drop of 
water is placed on the wound the drop is drawn in. Both Hol- 
lande (’ll, ’11a) and Babaud (’22) observed that the drop of 
blood which oozes out during the bleeding reflex of certain insects 
is frequently reabsorbed through the region of rupture. 

On no account, however, should it be supposed that the blood 
pressure is always negative. Since arthropods have an open 
blood-vascular system, compression of the integument (produced 
by contraction of skeletal muscles) causes an augmentation of the 
blood pressure. Thus, the intra-abdominal blood pressure of 
dragonfly larvae (Shafer, ’23) shows abrupt changes (18-87 mm. 
of water) due to variations in the activity of the abdominal 
skeletal muscles. Molting is, partly in this manner, made pos¬ 
sible. Inflation of the gut, either by the swallowing of air or 
water following molting raises the blood pressure and thus makes 
feasible the expansion of the wings (Schafer, loc. cit.). Loco¬ 
motor activity can increase the blood pressure in the ventral 
sinus of crabs to an extent of 10 mm. of water (Dubuisson, ’28). 
The blood in the pericardial sinus is always under positive pres¬ 
sure and puncturing this region sometimes results in death due 
to loss of blood (cf. Herrick, ’09, for the lobster). Plateau 
(1880) inserted a glass tube vertically through the carapace of 
decapod Crustacea into the pericardial sinus without allowing 
the escape of a single drop of blood. The column of blood in the 
tube immediately rose to a height of 16 mm. Once the maxi¬ 
mum height in the tube was attained it remained invariable 
except for certain regions in the pericardial sinus where it alter¬ 
nately rose and fell through an amplitude of 1 mm. synchron¬ 
ously with the heart beat. In the spider-crab, Maia (Dubuisson, 
loc. cit.), the pericardial blood pressure fluctuates between 21 
and 25 mm. of water. These values are very much lower than those 
in the arteries of vertebrates. 

In limbs supplied with arteries, such as in Limulus , the blood 
is under a positive pressure in the arteries as shown by profuse 
bleeding upon cutting. The blood pressure in the limbs of cer¬ 
tain Crustacea (Picken, ’36) is 30-20 cm. of water. As it leaves 
the arteries, the blood is aspirated from the limbs during diastole. 
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The Mood, in limbs provided with arteries is, hence, under both 
positive and negative pressure. The aspirating action of the 
heart during diastole is the major factor in producing circulation 
especially in forms which do not have a well developed arterial 
system, and these are the majority. This will become evident 
under the next topic. The arterial pressure of the lobster (v. 
Briicke & Satake, ’12), measured in the aorta in the region of the 
third or fourth abdominal segments, attains a maximal, or systolic, 
value of 170 mm. of water; and a minimum, or diastolic value, of 
147 mm. of water. In the crab, Maia (Dubuisson, loc. cit.), this 
pressure fluctuates around 55 mm. of water and, of course, dimin¬ 
ishes with distance from the heart. It is, however, incorrect to 
suppose with Dubuisson that this pressure remains positive until 
the blood returns to the pericardial sinus if by “positive” is 
implied a flow which is the result of propulsion instead of 
aspiration. 

Because arthropods have an open circulation Wigglesworth 
(’34) has pointed out that their blood pressure is capable of per¬ 
forming important mechanical functions such as hatching, molt¬ 
ing, and wing expansion. “The coiled proboscis of Lepidoptera 
is extended by means of blood pressure created in the stipes of 
each maxilla” (c/. Snodgrass, ’35; Schmitt, ’38). That the 
expansion of the wings soon after eclosion is produced by a 
localised rise in blood pressure was first recognized by Swammer- 
damm (1669, pt. I, p. 119) regardless of his explanation for the 
rise in pressure: “. . . these wings are so swiftly expanded, and 
yet have neither muscles or joints in them, but only artificially 
plaited or folded. . . . This difficulty surely is worthy to be 
solved. ... I think the water, which is warmer on the surface 
than in the bottom of the river, flowing all over and penetrating 
into the wings, in order to promote this needful expansion, may 
be impelled with greater force, in the same manner as we see the 
blood is, by the help of hot water, drawn more plentifully into 
the feet, and those parts are more distended when any one is 
blooded in the foot. . . . Wherefore we likewise observe that in 
the wings of insects, if wounded at that time, there follows a 
mortal haemorrhage, or if the creature survives, the wings are 
never afterwards displayed. ’ ’ Swammerdamm, in common with 
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other biologists of his time, did not recognize the haemolymph 
of insects as blood and thought it to be water. 

2. Circulation. —a. Pantopoda. Although these animals do 
have a heart, both Carpenter (1854) and Thompson (’09) ob¬ 
served that, especially in species with a small body and exag¬ 
gerated legs, movement of the blood is produced more by action 
of the limbs and contractions of the intestinal caeca, which extend 
into all the locomotor appendages, than by impulses generated 
by the heart. In fact, Carpenter believed that they possess no 
specific circulatory organs. 

b. Tardigrada. Since these minute animals have no circula¬ 
tory system, movements of the viscera and integument must be 
adequate in producing blood circulation. 

c. Scorpionidea. Blood is aspirated into the ventral sinus as 
a result of the contraction of the muscles attached to the ventral 
diaphragm. When these muscles relax the ventral diaphragm 
collapses and blood is thus forced into the lung-“ books” whence 
it is aspirated into the heart as a result of the expansion of the 
heart muscle. The heart then contracts and propels the blood 
into the arteries (Potts, ’32). Judging from anatomical details, 
the circulation of the blood in spiders (Clarapede, 1863; Causard, 
1892; Wagner, 1893; Willem, ’17), Limulus , and scorpions is 
similar. 

d. Crustacea. Like the Tardigrada, Crustacea without a 
heart must depend on movements of the viscera and integument 
for blood circulation. Amphipod, stomatopod, and decapod 
Crustacea generally have a well developed circulatory system. 

Prior to the work of Audouin & Edwards, Latreille (1831), 
Desmarets (1825), and, in a later work, even Cuvier (1817) suc¬ 
cumbed to the notion that the blood enters the gills directly from 
the heart. This is apparently a relic from Willis’ (1674) Be 
Anima Brutorum in which it is stated that, during diastole, the 
heart receives blood from the gills and the “vena cava” (i.e., a 
mixture of aerated and unaerated blood) and discharges such, 
during contraction, to the gills and the anterior region of the 
body. It is of historical interest that Willis drew his conclusion 
after injecting “a black fluid” into the heart of lobsters. 

The most comprehensive work on the circulation of the blood 
in the Crustacea is that of Delage (1881, 1883). In the isopods 
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the blood is drawn into the ostia of the thoracic sinuses (Fig. 
2, os) from the body lacunae, is carried to the abdominal sinus 
and then, through the afferent vessels (Figs. 2 and 3, a ), to the 
gills and aerated (Fig. 3, gi). It is then aspirated into the 
pericardial sinus (Figs. 2 and 3, p) and thence into the heart, h. 
All this blood flow is the result of aspiration generated by the 
heart muscle during diastole. The two walls of the gills are, in 
many places, confluent (Fig. 3), thus check the rate of blood 
flow through such, and hence offer a greater length of time for 
gaseous exchange. The telson of isopods acts as a gill in the 
same manner. In the kemodipods and amphipods the afferent 
vessels to the limbs of the thorax and abdomen all come from the 
sinus system and not, as they do in isopods, from the arterial 
system. The end result in both cases is, however, quite evidently 
the same as far as circulation is concerned. In the Anisopoda 
the carapace folds are transformed into gills, and, as in the gills 
of other forms, constrictions are formed by the confluent walls 
of the carapace. During the zoea stage of maerurous decapods 
there is a similar carapace-branchial system prior to the appear¬ 
ance of the gills. 

The pericardial septum of the amphipod, Phronima sedentaria 
(von Haffner, ’33), passes into the thoracic legs (Fig. 5, p) and 
thus allows the existence of afferent and efferent blood streams. 
During systole (Fig. 5A) the heart propels the blood into the 
head and abdomen. During diastole (Fig. 5B) blood is forced 
through the limbs by the aspirant action of the heart and peri¬ 
cardial sinus. A similar condition holds for the amphipod Garna- 
rus pulex (Klovekorn, ’34). 

In the decapods, as exemplified by the lobster or crayfish 
(Fig. 6), blood is propelled into the ambulatory appendages 
through the limb arteries, la, during systole (circulation by pro¬ 
pulsion is shown by broken arrows). During diastole blood is 
drawn from the gills, gi, by suction (circulation by suction is 
shown by continuous arrows) into the pericardial sinus and 
heart. 

How does the blood circulate through the arborous gills of 
decapods? "We have already noted that each gill stem is fully 
separated into two channels by the pericardial septum (Figs. 6 
and 7, p) : an afferent channel, a, and an efferent channel, e. 
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Fig. 6. Transverse section through the thorax of a crayfish, a. alary 
muscle; c, fold of carapace; f, gill filament; gi, gill stem; h, heart (small 
round interior one in systole; the large outer one in diastole) ; ia, inferior 
artery; la, limb artery; p, pericardial septum or dorsal diaphragm (posi¬ 
tion during systole shown by broken line); s, suspensory ligaments; sa, 
sternal artery. 

Each gill filament, f, is also longitudinally divided into an af¬ 
ferent and an efferent channel (Fig. 7). There are many cir¬ 
cular vessels in the walls of the gill stem some of which, c, open 
into the efferent channel of the gill stem and others into the af¬ 
ferent channel of the gill stem. The afferent channel in each 
gill filament communicates with an afferent circular vessel while 
the efferent channel of the gill filament communicates with an 
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Fig. 7. Diagram of a transverse section through the gill of a lobster 
showing the course of the circulating blood (arrows), a, afferent chan¬ 
nel of gill stem; c, circular vessel in which efferent channels of the gill fila¬ 
ments open; f, gill filament; gi, gill stem; c, circular vessel in winch effer¬ 
ent channels of the gill filaments open; f, gill filament; gi, gill stem; p, 
extension of the dorsal diaphragm. Each filament communicates with the 
afferent channel of the gill stem on the one hand and with the efferent channel 
of the gill stem on the other. (After Herrick.) 

efferent circular vessel. Blood which circulates through the gill 
stem must, therefore, imperatively pass through the gill filaments 
before reaching the heart. 

In the daphnid, Leptodora kindtii (Gerschler, ’10), there is a 
pulsatile vessel in the basal segment of each first leg and attached 
to the integument by ligaments. An innervated muscle passes 
from the integument to the wall of the vessel and causes its ex¬ 
pansion. The fact that the walls of the vessel are not muscular 
is proof that the main action of the vessel is aspiratory. 

e. Hexapoda. In the honeybee (Snodgrass, ’25) blood from 
the thorax passes throxigh the narrow abdominal peduncle and 
enters beneath the ventral diaphragm. The backward pulsa¬ 
tions of the ventral diaphragm cause some of the blood to flow 
posteriorly. At the same time, the aspirating action of the heart 
during diastole causes the blood to enter the visceral sinus by way 
of the lateral intersegmental openings of the ventral diaphragm. 
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The blood in the visceral sinus receives food material from the 
intestine and is drawn into the pericardial sinus and then into the 
lumen of the heart through the ostia of the latter. During systole 
the blood in the heart is propelled anteriorly and enters the 
hsemoccele beneath the brain. 

The circulation of the blood in the posterior region of the 
trunk and limbs of chironomid larvas (Fig. 4) is very similar to 
what occurs in the regions of the gills and appendages of Crus¬ 
tacea in which the pericardial septa enter the gills or limbs. 
Afferent and efferent channels in the legs and antennas have also 
been noted by Cams (1830) in beetles, by Moseley (1871) in 
cockroaches and by Leontowitsch (’ll) in Eanatra. The latter 
was an adherent of the closed circulation theory and hence be¬ 
lieved that the ascending and descending currents occur through 
definite blood vessels. Meyer (’31) has made the most exten¬ 
sive study of the afferent and efferent channels in the limbs of 
insects (various species of larval ephemerids). He noted that 
the longitudinal septum contains nuclei and divides a limb com¬ 
pletely, being attached to the inner ends of the hypodermal cells. 
The septum is not a prolongation of the pericardial septum into 
the legs since it ends proximally at the coxa. Tracheae and mus¬ 
cles, however, ensure that the blood from the efferent channel (in 
the outer longitudinal half of a limb) enters the pericardial 
sinus. 

Circulation in the limbs and wing veins may also be produced 
by accessory hearts whose action is chiefly aspiratory. Carus 
(1830) was the first to describe the circulation in the wings and 
noted that, in beetles, the blood always flowed out in the anterior 
margin of the wing and back in the posterior margin. Moseley 
(1871) made similar observations on the cockroach, Blatta, and 
beetles and pointed out that the blood vessels of the wings cannot 
be looked upon merely as tracheal sheathes since the tracheae 
are very small in comparison and do not enter the transverse 
connecting branches. He suggested that the wings probably act 
as lungs and that the absence of these “aerating” organs in the 
female cockroaches is compensated for by the much larger size 
of the salivary glands of the latter—which were also supposed to 
behave as lungs (see also Mr. A. Hollis, to whom Moseley refers). 
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Yeager & Hendrickson (’34) confirmed, in the adult cockroach, 
Periplaneta americana, the observations of Cams and Moseley. 
In the larval wing pads, however, the former observed that the 
“ blood flows centrifugally in all the main veins, including the 
vannals; these streams turn medially and become centripetal 
with respect to the posterior border of the tergum. ...” Mose¬ 
ley had noted that, under conditions of exhaustion, the current 
in the posterior margin of the hind wing of the adult cockroach 
may be reversed—the circulation thus evidently reverting to the 
immature condition. 

In the cockroach (Yeager & Hendrickson, loo. cit.) “part, at 
least, of the blood from the elytra and wings passes into the heart 
cavity through the mesotergal and metatergal pulsatile organs, 
respectively.” The same may be said for ants (Janet, ’06), 
honeybees (Freudenstein, ’28), dragonflies, wasps, moths, grass¬ 
hoppers and beetles (Brocher, ’16, ’31), and various mayfly 
adults (Bervoet, ’13; Meyer, ’31). This is effected by the aspi¬ 
rating action of the pulsatile organs (Meyer). The average ve¬ 
locity in the subcostal cell of a cockroach elytron is 34.3 mm./min. 
(Tauber & Snipes, ’36). In Dytiscus and Aeschna (Brocher) 
the lumina of the pulsatile ampullae communicate with the lumen 
of the aorta; in Sphinx (Brocher) and in Apis (Freudenstein) 
there is no communication. In the two-winged insects, or Dip- 
tera, and in a certain ephemerid, Cloeon, having only a single 
pair of wings (mesothoracie) only the mesothoracic organ exists 
(Zimmermann, 1880; Popovici-Baznosanu, ’05 ; Drenkelfort, ’10; 
Meyer, ’30). Thompsen (’38) has, however, noted a pair of 
pulsatile organs in the mesothorax of the domestic fly and also 
one in each wing. There is no direct connection between these 
vessels and the aorta. Those in the thorax begin to function in 
the pupal stage while those in the wings act only after the out- 
folding of the wings. 

Janet and Freudenstein believed the tergal organs to be muscu¬ 
lar plates which are attached to the integument laterally. On 
the other hand, Zimmermann, Brocher, and Meyer ( loo . cit.) have 
described such as sac-like ampullae. The contractions of these 
organs may be regular (Meyer) or irregular (Zimmermann) and 
are not synchronous with or dependent on the heart beat (Brocher 
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’16, Freudenstein, and others). Most of the ampullae have ostia, 
but those of the ephemerid, Heptagenia (Meyer), appear to be 
exceptional since no blood flow into such could be observed. Cir¬ 
culation of blood in the wings is necessary for the deposition of 
pigment in such (Tenenbaum, ’34). 

In the adult dragonfly (Whedon, ’38) there is an aortic diver¬ 
ticulum to the lumen of the axillary cord of each wing. Blood, 
which is propelled to the'anterior (costal) “veins” of the wings 
by the contraction of the heart and leaves the aorta, is drawn 
through the wing “veins” into the axillary cord. 

Pulsatile organs have been noted in the legs of various species 
of aquatic Hemiptera and other insects (Behn, 1835 ; Locy, 1884; 
Leontowitsch, ’ll; Crozier & Stier, ’27b; Thompsen, ’38; and 
others), and have been found to occur in between the bases of the 
antennae of ants, bees, and cockroaches (Pawlowa, 1895; Janet, 
’ll; Brocher, ’16, ’22; Freudenstein, ’28). Since they occur in 
the path of the efferent blood stream (Leontowitsch) it is clear 
that their action is chiefly aspiratory. The organs are attached 
to the integument by passive ligaments and, unlike the organs in 
the fore-legs of a claphnid (see above), they apparently have no 
extrinsic muscles. Blood currents in the legs of the Hemiptera 
are dependent on the organ as shown by their cessation when the 
organ stops. Locy observed that the rate is irregular and is al¬ 
ways faster than the heart rate in a given individual. Not only 
is the rhythm of the vessels independent of the heart but also 
the rhythm of one vessel is independent of that of the contra¬ 
lateral half in the intact animal (Locy, 1884; Crozier & Stier, 
’27b). In contrast to Locy, Crozier & Stier found that the rate 
of pulsation in any one leg of Notonecta is remarkably uniform 
at a given temperature although individual variation was con¬ 
siderable. 

3. Bodily motions associated with the heart beat. In spiders 
(Willem & Bastert, ’17) the abdomen, the appendages (when 
free), and the flexible regions of the integument respond to the 
small changes in blood pressure by undergoing pulsations of 
small amplitude synchronously with the heart beat. The lung- 
“books” perform like a harmonica. In Limulus (Tait & Berrill, 
’36), too, the rhythmic volume change of the gill-“ leaves ” occurs 
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in precise tempo with the heart beat and “derives presumably from 
changes in blood pressure ’ ’; and the dilation of the heart is co¬ 
incident with the elevation of the gill-“plates’ ’ (Edwards, 1872). 
The to-and-fro movements of the gills, however, i.e., the respira¬ 
tory movements proper, are not dependent on changes in blood 
pressure partly because they will continue even after the heart 
and blood are removed (Hyde, ’06). In the larvae of certain 
mayflies (Meyer, ’31) the volume of the legs increases during 
systole and decreases during diastole. 

C. THE HEART BEAT 

1. Bole of the alary muscles and suspensory ligaments. A 
cardiac muscle must be stretched beyond a certain minimum if 
it is to contract vigorously. The alary muscles which are at¬ 
tached to the dorsal surface of the heart and laterally to the in¬ 
tegument, are necessary if the heart is to beat with its normal 
amplitude although their section does not necessarily result in a 
cessation of the rhythmic beat (Plateau, 1880; Snodgrass, ’35; 
Dubuisson, ’29, ’30; Izquierdo, ’31; Maluf, ’35). Swammer- 
damm (see above) believed that they expand and contract the 
heart. 

Since the heart is attached dorsally to the integument by means 
of the suspensory ligaments, the alary muscles must, during 
diastole, stretch the heart muscle and thus increase the energy of 
contraction (Starling’s “law of the heart,” ’20, p. 1003). 

Carlson (’04-’05b, ’06, ’07a) had observed that, when the heart 
of Limidus was quiescent due to exhaustion and when the arteries 
were ligated and the heart was perfused under slight pressure, a 
series of beats was produced. These effects, however, resulted only 
when the cardiac ganglion was intact. Increasing the pressure up 
to a certain unspecified limit augmented the amplitude, tonus, and 
rate. The same effects were produced by stretching the suspensory 
ligaments or by attaching opposite hooks to the middle region of 
the heart. These results were confirmed by Dubuisson (’30, ’30- 
’31a) and Heinbecker (’33) with the exception that they could ob¬ 
tain the same effects on the deganglionated heart. It is possible 
that Carlson had used hearts of unhealthy animals. The effect of 
loss of blood and, hence, of internal cardiac pressure on the de- 
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crease of the heart rate of Crustacea was nevertheless well known 
to Carlson (’06). 

A certain degree of stretch is necessary for the automaticity and 
rhythm of the hearts of all invertebrates (Hoshino, ’25; Dubuis¬ 
son, ’29, ’30; Heinbecker, ’33) and although the free excised hearts 
of some arthropods may beat spontaneously for some time when 
placed in a perfusion medium (Hunt, Bookman, & Tierney, 1879; 
Plateau, 1879; Cosmovici, ’25; Bijlant, ’32; Carlson, etc.) they 
come to rest prematurely, e.g ., the lobster heart (H., B., & T., 
loc. cit.). In the dragonfly, Agrion , and the beetle, Hydrophilus 
(Dubuisson, ’30), section of the alary muscles causes an immediate 
stoppage of the heart beat. This is, however, not generally true 
(cf. foregoing authors) provided, of course, that the heart is placed 
in a balanced perfusion medium. When the heart of the larva of 
the dragonfly, Anax junius, or of the bug, Belostoma flumineum 
(Maluf, ’35), is carefully removed from the body wall it gen¬ 
erally ceases to beat instantly although there may be a few quivers 
when it is in a state of collapse. The suspensory ligaments are 
thus necessary for heart function in these forms—that is, provided 
the perfusion pressure is not artificially raised. The term “iso¬ 
lated heart” in the paper of Yeager & Hager (’34) must not be 
taken in its strict sense since the dorsal integument, alary muscles, 
and suspensory ligaments were kept intact. The same applies to 
the work of Brocher (’17), Levy (’28), and Koidsumi (’31) on 
insect hearts. In fact, as far as I know, a contracting isolated 
insect heart has never been maintained over any protracted period. 
The reason for this is probably merely due to difficulties in main¬ 
taining a perfusion pressure in such small hearts. 

Certain authors, such as Popovici-Baznosanu (’05) and Dezso 
(1878), believe that the pericardium is passive in its effect on the 
increase in heart volume during diastole. In fact, Dezso contra¬ 
dicted Dogiel (1877) by stating that the pericardium of the cray¬ 
fish is not musculated. On the other hand, Dubuisson (’29) seems 
to have shown that the sudden unusual heart stops which occur, 
every now and again, during the diastolic phase of certain midge 
larvse ( Chironomus dorsalis and C. plumosus) are due to a relax¬ 
ation of the alary muscles and thus to a release of the heart muscle 
from a point of critical stretch. He logically concluded that 
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arthropods which do not show such pauses, such as adults of the 
above, always have their alary muscles in a state of quasi-contrac¬ 
tion. He recognized a point of critical stretch at which the effects 
on the energy of contraction were all-or-nothing. It is disconcert¬ 
ing to know, however, that the heart of the Corethra larva (Tzonis, 
’36) pauses in systole. 

2. Innervation .—a. Onychophora and “Myrmpoda ” have a 
ganglionated median dorsal nerve cord (Gaffron, 1885; Lang, 
1891) similar to that of Limulus and many Crustacea. 

b. Xiphosura. The gross structure of the cardiac nervous 
system of Limulus (Fig. 8) has been studied by Carlson (’04—’08) 
and, in detail, by Edwards (1872) and, as to its minute structure, 



Fig. 8. Dorsal aspect of the heart of Limulus with the anterior end to 
the right, af, afferent nerve fibers; a, artery; l, lateral cardiac nerve; w, 
median cardiac nerve cord; o, ostium. (After Carlson.) 


by Patten (’12) and Heinbecker (’33). The term “ventricle” in 
Heinbecker’s paper really implies the heart. The intrinsic inner¬ 
vation consists mainly of a ganglionated median dorsal nerve cord 
(Fig. 8, m), or cardiac ganglion, which is connected with the 
stomatogastric nervous system by a pair of branches (Edwards, 
1872). There are more ganglion cells in the middle region of the 
cardiac ganglion than in the anterior or posterior regions. The 
cells are of three kinds (Patten) : 1. Small multipolar cells form¬ 
ing a thick irregular covering around the ganglion. In the first 
three or four segments these cells are few. 2. Giant bipolar cells, 
not present in the first three or the last segments; give off large 
branching collaterals. 3. Small bipolar cells; not numerous; 
found in the first three or four segments. All the ganglion cells 
increase greatly in number with age, while those of the Crustacea 
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and insects, on the other hand, remain approximately constant. 
No ganglion cells exist in the heart of Limulus outside of the 
median cord (Carlson, ? 08; Patten, ? 12), although the radiating 
branches which connect the cardiac ganglion to the lateral nerves 
(Fig. 8, l) contain a few ganglion cells at their roots (Patten, 
Heinbecker). Afferent nerve fibers, af , pass to the cardiac gan¬ 
glion from every region of the heart. 

The cardio-inhibitor nerves arise from the brain (Carlson, *05) 
and decrease the rate and amplitude but not the tonus of the beats 
(see also Hoffmann, ? lla). For the following reasons, Carlson 
suggested that the action of the inhibitor nerves is not exerted 
directly on the heart muscle but rather on the cardiac ganglion : 

1. “ The inhibitor nerves enter, not the heart muscle, but the nerve 

cord on the dorsal side of the heart in the region of the 
second and third pairs of ostia. 

2. “The response of the heart to direct stimulation when quiescent 

in prolonged diastole, due to strong stimulation of the in¬ 
hibitor nerves, is similar to the response of the heart to the 
same stimulus after extirpation of the cardiac nerve cord. 
Complete inhibition thus simply means the throwing out of 
function of the median cardiac nerve cord. 

3. “Atropine, nicotine, and curare . . . paralyse the inhibitor 

mechanism of Limulus only when they come in contact with 
the ganglion on the dorsal side of the heart. 

4. “If the inhibitor nerves pass from the cardiac nerve cord to 

end in the heart muscle it ought to be possible to produce 
inhibition by stimulation of these fibers on their course 
from the nerve cord to the muscle. This is never possible. 
Contraction only is produced then.” 

Heinbecker ( loc. cit.) found that when'the inhibitor (“vagus”) 
nerves are cut the heart beats more rapidly. “The chronotropic 
responses are naturally inferred to act directly on the large gan¬ 
glion or pacemaker cells. But, inasmuch as the small ganglion 
cells have been shown to have an autochthonous rhythm indepen¬ 
dently of the large ganglion cells it follows that, in order that the 
heart be stopped by intrinsic fibers these must also act on the 
small ganglion cells.” Stimulation of the inhibitor nerves causes 
a decrease in the production of C0 2 by the cardiac ganglion (Gar- 
rey, ’20b). Inhibitor stimuli applied to the cardiac ganglion 
(Asher & Garrey, ’30) decrease the 0 2 consumption rate of the 
same (Dann & Gardner, ’30). 
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The cardio-augmentor nerves arise from the abdominal ganglia 
and reach the heart together with the inhibitor nerves (Carlson, 
’05). The fact that the farther posteriorly the location of the 
stimulus the fewer the augmentor nerves stimulated indicates 
that the true origin of the fibers is in the anterior part of the 
central nervous system. 

c. Scorpionidea. — Here, too, there is an intrinsic elongated 
dorso-median cardiac ganglion (Police, ’02; McClendon, ’12; 
Rijlant, ’33a) which has the same functions as that of Limidns 
(Rijlant, ’33a). A branch of the stomatogastric nervous system 
innervates the heart (Police, ’03) and possibly, as in Limulus, con¬ 
nects with the cardiac ganglion. 

d. Araneida. The electrical activity of the heart of spiders 
(Rijlant, ’33) is so similar to that of Limulus that it suggests 
that the heart of spiders has a similar ganglionic system. The 
heart of a tarantula (Carlson, ’05-’06a) receives augmentor nerves 
from the suboesophageal complex. 

e. Crustacea. Probably the most systematic studies made on 
the innervation of the crustacean heart are those of Alexandrovicz 
(’32, ’32a, ’34) on isopods, stomatopods, and decapods and of 
Suzucki (’35) on decapods and isopods. In all cases there is a 
ganglionated nerve cord running along the dorsal surface of the 
heart. The cells are always few in number. Thus, the cardiac 
ganglion of the hermit crab, Aniculus aniculus (Suzucki), has but 
ten large multipolar cells while that of the isopod, Tylos granu - 
latus (Suzucki), has but six multipolar cells in a row. There are 
never any ganglion cells at the ventral surface of the heart (see 
also Newmywaka, ’28). Nerve cells in the walls of the crustacean 
heart had been described by Berger (1876), Deszo (1878), Yung 
(1878), Dogiel (1877, 1894), Plateau (1880), and Nusbaum 
(1899) ; but Claus (1878) and Pogoschewa (1890) were appar¬ 
ently the first to recognize that these cells are generally connected 
to form a chain. In the prawn, Palaemon (Nusbaum, 1899), the 
ganglionic cells are not connected into a chain but rather form a 
nerve net. In the crayfish, Astacus fluviatilis (Newmywaka, loc. 
cit. ) there is no median cardiac ganglion but there is a short trans¬ 
verse ganglionated chain which branches out, the branches, too, 
containing ganglion cells. There are no ganglion cells in the 
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arteries of decapod and stomatopod Crustacea according to Alex- 
androwicz (’12-T3) but Nusbaum ( loc. cit.) states that he found 
ganglion cells in the subneural artery of Palaemon. 

As to the extrinsic innervation, the compound thoracic gan¬ 
glion, or complex, of decapods and stomatopods gives rise to both 
the augmentor and inhibitor nerves. The inhibitor nerve of 
Palinurus (Carlson, ’04-’05, ’05-’06a) arises near the origin of 
the nerve to the third maxilliped of its side (see also Dogiel, 1877). 
The cardio-augmentor nerve of the same animal arises near the 
nerve to the first ambulatory appendage of its side. A similar con¬ 
dition holds for the stomatopods and other decapods judging from 
the anatomical work of Alexandrowicz (’32, ’32a, ’34), the physio¬ 
logical studies of Yung (1878, 1879), and the anatomico-physio- 
logical papers of Jolyet & Viallanes (1892), Conant & Clarke 
(1896), and Bottazzi (’01). Stimulation of an augmentor nerve 
causes, as in Limulus, a stoppage of the heart beat in diastole; 
of an augmentor nerve, produces an increase in the heart rate 
and amplitude of Palinurus (Carlson, ’05-’06a) and in the heart 
rate and tonus, but not amplitude, of Maia (Bottazzi, loc. cit.). In 
the crab, Callinectes hastatus (Conant & Clarke), there is, how¬ 
ever, no evidence of tonic activity from either type of nerve. 
Thus, the thoracic ganglion complex can be removed without pro¬ 
ducing any apparent effect on the heart rate. 

Lemoine (1868) once figured and described a median cardiac 
nerve issuing from the stomatogastric ganglion of the crayfish. 
Yung (1878, 1879) and Plateau (1880) stated that the existence 
of the nerve is incontestible; that it is an augmentor; and that 
cutting it produces a slowing of the heart rate. They were backed 
up by Mocquart (1883) in the shrimp and by Keim (’15) in the 
crayfish. On the other hand, Jolyet & Viallanes, Retzius (1890), 
Conant & Clarke, and Carlson (’04-’05, ’08b) searched vainly for 
Lemoine’s unpaired “ nerve cardiaque” since stimulation and cut¬ 
ting in the region in which it was supposed to exist produced no 
apparent effects on the heart. 

Other nerves from the thoracic complex innervate the valves and 
dorsal diaphragm (Alexandrowicz, ’32, ’32a, ’34). The nerve 
fibers to the valves probably maintain the muscles of the latter 
in a state of contraction during the diastolic phase. 
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f. Hexapoda. The only detailed studies on the innervation 
of the heart of insects are those of Zawarzin (’ll) on the larva of a 
dragonfly, Aeschna; of Alexandrowicz (’26) on the cockroach, 
Periplaneta; and of Opoczynska-Sembratova (‘36) on the phasmid, 
Carausius morosus . In these insects, as in Limulus and many 
Crustacea, there are no ganglion cells scattered about the walls of 
the heart. On either side of the heart of Aeschna is a longitudinal 
nerve which Zawarzin considered to be probably derived from the 
stomatogastric ganglion. Lyonnet (1760), in an exquisite ana¬ 
tomical work, noted that each side of the heart of a caterpillar 
receives a nerve from the homolateral stomatogastric ganglion. 
Each cardiac nerve of Anax (Maluf, ’35) and Aeschna is but 
an elongated axon with no ganglion cells in the region of the heart 
but with neurilemma nuclei sparsely scattered. The heart also 
receives motor branches from the abdominal ganglia (c/. also 
Lyonnet, 1760). The cockroach and phasmid heart is provided 
with lateral nerves consisting chiefly of processes from ganglionic 
cells scattered alongside the nerve. Those of the cockroach, at 
least, are connected anteriorly with the stomatogastric ganglia. 

Mechanical stimulation of the brain of a grasshopper, Dicty- 
phorus reticulatus (Carlson, ’05-’06a), frequently caused a cessa¬ 
tion of the heart beat in a state of diastole. On the other hand, 
electrical stimulation of the brain of this grasshopper and of 
a moth, Telea polyphemus, often produced an augmentation in 
the rate and amplitude of the heart beat. The same augmentor 
effects occurred after severing all nervous connections of the brain 
except those connecting it with the thoracic and abdominal ganglia. 
The rate and amplitude of the heart beat were similarly augmented 
on stimulating the thoracic and abdominal ganglia. Electrical 
stimulation of the brain of a stag-beetle larva (Lasch, ’12-’13), 
produced a retardation of the heart beat. It is evident that the 
inhibitor nerves are connected with the brain by way of the stoma¬ 
togastric nervous system and are probably the lateral intrinsic 
nerves of the heart. The augmentor nerves are extrinsic nerves 
and issue from the abdominal ganglia. 

Removal of the head has no effect on the periodic reversal of 
the heart beat of insects (Gerould, ’33). 

3. Origin of the heart beat .—a. The myogenic basis of the beat. 
The embryonic heart of Limulus (Carlson & Meek, ’08) begins to 
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beat before any fundament of the cardiac nervous system has 
appeared. The heart of the lobster (Herrick, ’09) begins to beat 
when the nervous system is only roughly blocked out and long 
before any nerves are developed. The heart of the larva of the 
dragonfly, Anax junius (Maluf, ’35), will continue to beat 
rhythmically without any connections with ganglion cells. The 
excised heart of Bombyx mori (Kuwana, ’32) will continue to beat 
even though the heart has no intrinsic ganglion cells. The same is 
probably true of Corethra larvae (Walling, ’08) notwithstanding 
Dogiel’s (1877a) assertion of ‘ ‘ birnf ormige Korper” in the heart 
of the latter. The heart beat of vertebrate embryos has been 
proved beyond doubt to be myogenic (His, 1893; Hooker, ’ll; 
Burrows, ’12). Meager indirect evidence indicates that the heart 
of the crayfish (Plateau, 1879) is myogenic. About 0.5 mg. of 
curare were injected into the haemolymph. At the end of an hour 
the animal appeared dead and was irresponsive to stimuli but the 
heart continued to beat for several hours. Among vertebrates, 
the classic experiments of Claude Bernard have shown that curare 
prevents transmission from nerve to muscle. One cannot say, 
however, whether the drug penetrated the neurilemma sheath, 
especially in view of other negative results on the effects of curare 
on arthropod hearts (p. 269). 

b. The neurogenic basis of the beat. Owing to the presence of 
ganglion cells scattered about the heart wall of vertebrates after a 
certain stage of embryonic development, and owing to the fact that 
the vertebrate heart will continue to beat even after being detached 
from the rest of the nervous system, it has never been possible to 
determine whether the pulsations of the vertebrate heart are due to 
possible rhythmic impulses discharged from the intrinsic ganglion 
cells. Taking advantage of the condition in Limulus, Carlson 
(’04—’05a, ’05-’06, ’06) found that removal of the cardiac 
ganglion produces immediate and perpetual cessation of the beat 
(see also Garrey, ’30) and that coordination is entirely dependent 
upon the integrity of the cardiac ganglion and lateral cardiac 
nerves. Carlson’s classical experiments on coordination have been 
confirmed on an isopod (Alexandrowicz, ’32b), on scorpions 
(Rijlant, ’33a), and on Limulus (Nukada, ’18; Dubuisson, ’30- 
31a; Heinbecker, ’33, ’36). But Hoshino (’25), Dubuisson (’29, 
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’30), and Heinbecker ( hoc . cit.) showed that the completely de- 
ganglionated heart of Limulus will continue to beat, after a tem¬ 
porary arrest, provided it is adequately distended. In the 
deganglionated heart the propagation of the contraction wave is 
slow, and not practically simultaneous throughout the length of 
the heart, as it is when the intrinsic nervous system is intact. 
These investigators thus concluded that the heart of even the adult 
Limulus is capable of myogenic automatism and Dubuisson (’30- 
’31, ’31) considered that, even in the normal heart, the intrinsic 
nervous system is of importance solely in synchronizing the beat 
throughout the length of the heart. Heinbecker (’31, ’33, ’36) 
and Rijlant (’31c, d) showed that ganglion cell activity precedes 
muscular activity by 30-80c. Rijlant (’31) presented more evi¬ 
dence for the neurogenic theory as applied to the normal Limulus 
heart by finding that the spontaneous discharges from the isolated 
cardiac ganglion correspond with the waves of the muscular action 
current. There were short waves superimposed on long waves 
(see also Hoffmann, ’ll, for the whole heart of decapods and 
Limulus ), the superimposed waves being considered to represent 
associations. 

Electrical stimulation of one of the lateral cardiac nerves of 
Limulus (Garrey, ’33) caused the beats of the homolateral side to 
be superposed on a raised tetanic base while those on the opposite 
side of the heart were altered to a far lesser extent. This was 
held to show that the stimulated nerve does not innervate all of 
the contractile elements of the same side as would be the case if 
muscular conduction were effective. “The proof is conclusive 
that there is no muscular conduction in the normal adult Limulus 
heart, and consequently there can be no myogenic rhythm. ’ ’ The 
results of Dubuisson and of Heinbecker show that such an attitude 
is extreme and the statement “ to a far lesser extent ’ ’ implies only 
a quantitative difference between the rate of transmission in nerve 
and muscle. The heart muscle of arthropods is essentially a 
syncytium (see, for instance, Weismann, 1874; Gerschler, ’10; 
Zawarzin, ’ll; Baumann, ’21) and there is, hence, no apparent 
reason why muscular conduction cannot occur. From what has 
been said, there seems to be little ground for doubt, nevertheless, 
that the beat of the adult Limulus innervated heart is neurogenic. 
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The variations in temperature, affecting the ganglion cells alone, 
yield temperature coefficients which are almost identical with 
those for the whole heart (Garrey, ’20, ’20a). 

The data of Magnus (’02) and Sollmann (’05-’06) indicate that 
the heart beat of an adult vertebrate is neurogenic, although 
Magnus failed to realize the implications of his results. 4 ‘If the 
mammalian heart rhythm is myogenic, it is difficult to explain why 
pressure in the ventricular cavities is not just as efficient or even 
more efficient a stimulus to rhythm than the pressure in the coro¬ 
nary vessels. On the neurogenic theory afferent fibers or nerve 
endings in the walls of the coronary vessels are stimulated by the 
distension of the walls ...” (Carlson, ’06). 

4. Pacemakers and the sequence of the heart beat. In 1669 
Malpighi recorded a periodic reversal in the direction of the heart 
conduction of the silkmoth ( Bombyx) pupae and adults. Cornalia 
(1856) confirmed, on the pupa, Malpighi’s observations. De 
Reaumur (1734) stated that in the Bombyx pupa and adult the 
pulsations are backward and, in the larva, forward. Bataillon 
(1893) confirmed this and noted that at the onset of metamor¬ 
phosis, the time interval occupied by the backward pulsations 
gradually becomes predominant until, in the pupa, forward pulsa¬ 
tions cease to occur. The truth, as Fischer (’18), Gerould (’29, 
’31), and Tirelli (’36) have observed, lies in a fusion of the find¬ 
ings of all three above investigators. Thus, while predominant, 
the backward pulsation is not the sole type of sequence in the 
pupa and the forward pulsation not the sole type in the adult. 
Reversals occur in the pupae and adults of all Lepicloptera ex¬ 
amined, in certian flies and beetles, and in hymenopterous adults. 
The alternations are fairly regular (Gerould, loc. cit. and ’33). 
In lepidopterous larvae the pulsations were always forward. No 
reversals have been noted in neuropterous odonate, or Belostoma 
adults (Gerould, ’33; Maluf, ’35), nor in dragonfly larvae 
(Maluf, loc. cit.). Reversals occur in certain Crustacea (Leydig, 
1889) and in unhealthy Lumulus adults (Pond, ’20-’21). Jahn, 
Crescitelli, & Taylor (’36) found, in the grasshopper, that poten¬ 
tial variation as well as direction of waves of contraction show 
reversals. 

While in the healthy Limidus the pacemaker does not shift from 
end to end of the heart it varies in its location from time to time 
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(Garrey, ’30; Dubuisson, ’30-’31, ’30-’31a) its only approxima¬ 
tion to constancy being that the anterior segments normally beat 
later than the middle segments (Nukada, ’18; Edwards, ’20; Pond, 
’20-’21). The greater automatism of the fifth, sixth, and seventh 
segments is due to the fact that these segments have the greatest 
number of ganglion cells (Carlson, ’04-’05b). The time sequence 
cannot be detected by the naked eye but when the heart is ex¬ 
hausted it is noticeable that the beat starts somewhere between the 
middle and posterior end (Carlson, ’04-’05a). This is also gen¬ 
erally true of the higher Crustacea (Plateau, 1880). 

Heat, applied to local spots of the cardiac ganglion of Limulus 
(Garrey, ’30), transfers the pacemaker to such spots and acceler¬ 
ates the heart beat. On the other hand, when localized cold is 
applied, “as long as any part of the ganglion remains at the 
original temperature . . . the original temperature will determine 
the rate of the whole heart. Even if three-fourths of the ganglion 
is thus cooled there is no change in rate. ’’ 

Considerable light has been thrown, on certain conditions pro¬ 
ducing reversals, by Yokoyama (’27) and Gerould (’31) who 
found that premature reversal of the beat in Bombyx can be 
induced in the larva about to spin by sealing the posterior-most 
pair of spiracles. Injection of lactic acid in the posterior region 
of the abdomen or narcotizing this region with ether, alcohol, or 
xylol acted similarly. The fact, that when the metabolic rate of 
the posterior end is lowered the next predominant region becomes 
the anterior end, indicates that the direction of the heart beat 
depends upon a U-shaped excitability gradient in the heart, gen¬ 
erally with the highest point at the posterior end and the next 
highest at the anterior end. When the high point, or pace-maker, 
at one end is demolished the other acquires the lead. In this con¬ 
nection it is noteworthy that Gerould (’33) found that the fre¬ 
quency of the beats in a given direction gradually decreases until 
a reversal occurs. 

The pulsatile organs in the legs of Hemiptera (Locy, 1884) 
undergo contraction from the distal to the proximal end. 

It has been noted above that the rate of propagation of the con¬ 
traction wave varies with factors such as fatigue and stretch. To 
such should be added temperature. In the Limulus heart, under 
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ordinary experimental conditions, the rate of propagation has 
been found to be about 73 cm. per second (Edwards, ’20; Pond, 
’20-’21). Carlson’s (’05-’06) data show that the rate of con¬ 
duction in the cardiac ganglion is of the same magnitude, namely, 
ca. 41 cm. per second, this being about 9 times less than that in the 
motor nerves to the limbs. He also produced evidence (’05-’06b) 
for a direct relation between the rate of conduction in a motor 
nerve and the rapidity of contraction in the muscle it innervates. 
But Dubuisson (’30-’31) found that the speed of the contractile 
wave of the Limulus heart, when healthy and adequate distended, 
is generally over 1,000 cm. per second although quite variable. 
This is much higher than any of the values given above and 
requires confirmation. The rate of propagation of the contraction 
wave of the lobster’s heart (Clarke, ’27) is 40 cm. per second and, 
as in Limulus, the sequence cannot be detected by the naked eye. 

The sequence of the heart beat in insects is much lower than in 
Limulus and the higher Crustacea and is thus easily detected by 
the unaided eye. The maximal, average, and minimal rates of 
conduction of the contraction wave in the larva of the stag-beetle, 
Lucanus cervus (Lasch, ’12-’13), are 44.3, 27.2, and 19.5 cm. per 
second; in the heart of the moth larva, Cossus cossus (A. Seliskar, 
unpublished; cf. Clark, ’27), the conduction rate is about 2.4 cm. 
per second at 15° C. 

5. Frequency . The heart rate varies with numerous factors 
such as general metabolic rate, fatigue, stretch, and the presence 
of various agents in the blood. Even under apparently identical 
conditions the heart rate of different individuals of a given species 
and age varies considerably (Table I). In a given individual 
under normal conditions, however, the rate is fairly constant 
(Pickering, 1894; Robertson, ’06; Maluf, ’37) although the fre¬ 
quency of the periodic arrests which occur in certain species is 
very variable. While there is no well defined relationship be¬ 
tween the heart rate and the phylogenetic position, it is clear that 
the rate in Crustacea, Scorpionidae, and Pycnogonida is consider¬ 
ably higher than among Limulus and insects. This is correlated 
with the fact that only few insects have blood gills, and even when 
these exist they are of no marked respiratory significance (Fox, 
’21). Exception should be made of Chironomus larvae, which 
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have a high heart rate and the blood of which has a significant 
respiratory function (Leitcli, ’16). 

Even before van’t Hoff and Arrhenius made their classical quan¬ 
titative studies on the relationships of the rate of chemical reac¬ 
tions to temperature, Carus (1824) and Newport (1839) found 
that warmth accelerates the heart rate of crustaceans and insects. 
In the crustacean, Ceriodaphnia (Robertson, ’06), between 15° 
and 31° C., the Qi 0 averages 2.03, varying between 1.14 and 2.66 
and falling with rise in temperature. Between 8° and 28° the 
Qio for crayfish embryos is 2 to 2.6 (Zehnder, ’34). In the insects 
and crayfish studied by Polimanti (Table I) the Qio is never as 
high and varies between 1.2 and 1.6, falling with rise in tempera¬ 
ture. Both the Qio and q of enzymatic processes in vitro decrease 
regularly with temperature possibly due to a decrease in the vis¬ 
cosity of the substratum (Belehradek, ’28, ’30) although Stiles 
(’30) has concluded that viscosity plays only a small role in deter¬ 
mining the rate of biological reactions. For interpretations of 
Crozier’s temperature characteristics for the heart rate of arthro¬ 
pods cf. Crozier & Feclerighi (’25), Fries (’26), Crozier & Stier 
(’27, ’27a), Matsuki (’27), Henderson (’27), Koidsumi (’28, ’31), 
Stier & Wolf (’32), and Barnes (’37). 

Moderate temperatures, such as 35° C., are lethal to a number 
of Crustacea (Robertson, ’06; Coker, ’34, ’34a; Maluf, ’37a). 
The optimum temperature for the rate and amplitude of the 
Limulus heart is 10°-15° C. (Carlson, ’05-’06e) and the upper and 
lower limits for a heart in good condition are -1° and 42° C. 
When in poor condition the heart muscle may cease to respond 
at 25°. The cardiac ganglion and the intrinsic motor fibers are 
more heat-resistant than the heart muscle. 

Polimanti (’15a) presented evidence that the heart rate of silk- 
moth larvae decreases with decreasing light wave-length in the 
visible region. It was not, however, determined wdiether blinded 
animals will react likewise or whether the effect is merely one of 
intensity or of the quantity of energy absorbed . The italicized 
factor has been overlooked in all studies on the photoreception of 
animals. Ultra-violet rays soon bring the heart of claphnids to a 
standstill (Tchakliotine, ’35). 

The substance released by the eye-stalks of many Crustacea and 
which produces a condensation of the pigment granules in the 
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TABLE I 

A Representative List 


Average 

heart 

Species rate per Remarks Investigators 

min. at 
25° C. 1 


Xiphosura: 




Limulus 

12-28 


(Carlson (’04-’05a) 

) Dubuisson (’30-’31) 

Scorpionideae 

120-225 

Greater rate in 




young of a 
given species. 

Rijlant (’33, ’33a) 

A carina 
Pycnogonida: 

90-300 


i c 

Polixichilidium 

Crustacea: 

180-370 


( i 

Ceriodaphnia 

6 


Robertson (’06) 

Daphnia 

312 


Pickering (1894) 

Daphnia 

188-289 


Knoll (1893) 

Cancer 

9-120 


Carlson (’06) 

Cancer 

15-30 

When bled. 

c ( 

C. pagurus 

80.5 


Eckhard (1867) 

Pagurus longi - 167-250 

Rate greater in 


carpus 


young. 

Maluf (’37) 

Carcinus maenas 16.8-94.5 


Plateau (1880) 

Maia squinado 

37 


Knoll 

M. verrucosa 

98 


Polimanti (’13) 

My sis 

380 


Knoll 

Caprella 

Squilla eusebia 

180-240 


( i 

(larvae) 

216 


( i 

Porcellana 




(zoea) 

255 


( i 

Astacus fluvia- 



tilis 

119-153 


Plateau 

A. fluviatilis 

57 


Polimanti 

Cambarus virilis 59 


Welsh (’37) 

C. virilis 

82 

Injected with 



eye-stalk. 

i ( 

Eippolyte 

360 

Pale or noctur¬ 



nal phase. 

Keeble & Gamble (’00) 

Hippolyte 

225 

Bark or day 




phase. 

( C Cl 

Insects: 




Oryctes nasicor- 



nis 

18 

Exposed heart. 

Polimanti 

Bombyx mori 




(larvae) 

54 


Polimanti (’15) 

Lucanus cervus 



(larvae) 

24 


Lasch (’12-’13) 

Chironomus ] 
dorsalis \ 

C. plumosus 

1 

j> 162 


Dubuisson ( ? 29) 

(larvae) J 





1 A Q 10 of 2 is assumed. “Room” temperature is taken as 20° or 25° C., 
depending upon the locality or season. 
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chromatophores also raises the heart frequency (Welsh, ’37). In 
1900, Keeble & Gamble, too, had noted that the pale phase of a 
prawn is accompanied by a higher heart rate than the dark phase. 
They, however, supposed such to be under the entire control of the 
nervous system. 

The heart rate is not necessarily a strict index of the metabolic 
rate, for, while small hermit crabs (Maluf, ’37) have a signifi¬ 
cantly higher heart rate than the larger individuals (see also 
Rijlant, ’33, ’33a for scorpions), their rate of oxygen consumption 
is not appreciably greater. Furthermore, while the heart rate of 
Crustacea is generally greater than that of insects (see table I) 
the metabolic rate of the latter is commonly much higher (c/. 
Parhon, ’09). This is an outcome of the fact that the circulation 
has ceased to be of respiratory importance to most insects. 

6. Refractoriness, tetanus, and automatism. It is generally 
known that, because of the presence of a relatively long refractory 
period (occurring during systole), the fundamental contractions 
of the vertebrate heart cannot be summated and tetanus cannot be 
produced. By stimulation at a low frequency, however, summa¬ 
tion of the underlying contractions of the vertebrate heart is pos¬ 
sible. The tetanus then is not the result of a fusion of the funda¬ 
mental contractions (which does not occur) but of the tonus 
contractions with partial or even complete masking of the funda¬ 
mental contractions (see Ranvier, 1880; Langendorff, 1895 ; 
Walther, 1898; Cyon, ’00; Danilewsky, ’05; especially Porter, 
’05-’06, and several others). 

According to some investigators the heart of all arthropods and 
of all invertebrates, so far as studied, has no refractory period 
though there is, during systole, a condition of reduced excitability 
(Hunt, Bookman, & Tierney, 1897, for the lobster; Carlson, ’03, 
for tunicates, molluscs, and crustaceans; Carlson, ’06a, ’06b, ’07, 
’08a, for Limulus ; Hoffmann, ’12, for Maia). That the heart 
of invertebrates can, in most cases, 2 be tetanized was first noted by 
Eduard and Ernst Weber (1846), the classical “ Weber brothers” 
often mentioned in physiological text-books; and has been con¬ 
firmed by the above investigators as well as by Brandt (1865), 
Plateau (1878, 1880), Dogiel (1894), Polimanti (’13), de Boer 

2 The heart of certain gastropods (Carlson, *03) cannot be tetanized. 
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(’28), and Garrey (’33). Hunt, Bookman, & Tierney pointed 
out that the tetanic contraction is due to the summation of single 
fundamental contractions and is not a prolonged single contrac¬ 
tion. 

Recently, de Boer (’28) and Izquierdo (’31), both of which 
testified to the capacity of the crab’s heart to undergo tetanus, 
found that the heart of Maia does undergo total refractoriness of 
short duration (0.2 sec.) during systole. They claim that Hoff¬ 
mann’s results were obtained on an empty heart and that Carlson’s 
results are due to an error in technique since the point of stimula¬ 
tion should be close to where the lever of the kymograph is 
attached. On a priori reasons one would expect a refractory 
period to occur in any automatic tissue and, since vertebrate skele¬ 
tal muscle has a short refractory period (0.0015 sec.) and can be 
tetanized, there is no reason why the same should not apply to the 
invertebrate heart. 

For many years there has existed the opinion that there is an 
immediate causal connection between automaticity and refractori¬ 
ness, the latter state being conceived as one of “charge.” This 
has recently been supported in a stimulating speculative article by 
Ritchie (’32). For the following reasons such an attitude should 
not be allowed to pass without challenge : 1. “In the same heart the 
parts possessing the greatest degree of automatism may exhibit a 
lesser degree of refractory state than the part of the heart not 
automatic,” e.g., the mud turtle (Carlson, ’07). 2. “Refractori¬ 

ness is exhibited by certain tissues that are not automatic under 
normal conditions,” e.g., the turtle ventricle (Carlson, ? Q7). 
3. “The motor nerve fibers to the frog’s skeletal muscles exhibit 
a refractory period of 2/1,000 second; while some of the motor 
cells in the spinal cord of the frog show a refractory period of 
from 1/10 to 1/20 second. Yet these nerve cells exhibit no greater 
automatism than the motor nerve fibers. 4. Some of the pyra¬ 
midal cells of the mammalian cerebral cortex exhibit refractory 
periods as long as 1/12 to 1/15 second. Yet these cells are not 
active automatically, at least as far as their motor functions are 
concerned” (Carlson, ’06a). 

7. The all-or-nothing ride. Hunt, Bookman, & Tierney (1897) 
considered that this rule is not applicable to the lobster’s heart, 
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as it is, for instance to the frog and mammalian heart, since 
increase of stimulus increased the amplitude of the contraction 
or tetanus. Carlson (’03) held to such a view but later (’06b) 
noted that “the pulsating or quiescent heart (of Crustacea and 
Mollusca) whose excitability and conductivity are but slightly 
impaired [italics mine] responds by a contraction of uniform 
strength to stimuli of increasing intensity within a wide range, 
but an increase of intensity above this range is followed by beats 
of increased strength. ...” Nothing in the above is serious evi¬ 
dence against the applicability of the all-or-nothing rule to the 
arthropod heart, but the results of Garrey & Knowlton (’34-35) 
on Limulus appear to be damaging. They obtained a summation 
of repetitive stimuli which yielded an augmentation of amplitude 
but not of frequency. The effects were shown to be purely motor 
and not afferent. Given a muscle area innervated by two different 
motor nerve fibers; when any one of these nerves is subliminally 
stimulated no augmentation is elicited but “we must still admit 
that the nerves are transmitting effects to the muscle otherwise it 
is difficult to explain the fact that stimulation of another nerve 
provokes an augmented effect.” Even if one takes for granted 
that the heart muscle of Limidus is a syncytium, the results of 
the above investigators do not appear to be difficult to harmonize 
with the all-or-nothing rule. Thus, in his study on single with 
microelectrodes, Gelfan (’31, and elsewhere) was able to obtain 
localized contractions. These, however, are not accompanied by 
an electrical action potential, as is generally true for the all-or- 
none effects (Gelfan & Bishop, ’32). It has, therefore, come to be 
accepted that the all-or-nothing rule is characteristic of the excita¬ 
tion process as distinct from the contractile one. 

8. Effects of various external agents, a. Perfusion liquids. 
Modifications of Ringer’s solution have been described for the 
intact heart of Baphnia (Levy, ’27), excised heart of Astacus 
fluviatilis (Dohrn, 1866, and Levy, ’33), Cambarus clarkii (Linde- 
man, ’28), Maia and Homarus (Hogben, ’25), and Palinurus 
alandii (Zoond & Slome, ’28). Ordinary sea water is a fair per¬ 
fusion medium for the hearts of poikilosmotic marine forms (Poli- 
manti, ’13 ; Fredericq, ’22; Hogben, ’25 ; Macallum, ’26 ; Carlson, 
and others). Basing their figures on careful analysis of the blood 
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of the American lobster, Cole, Kazalski, & McComas (’38) adopted 
the following 1 solution as best fitting the lobster heart: NaCl, 0.452; 
KC1, 0.015; CaCl 2 , 0.025; MgCl 2 , 0.004; MgS0 4 , 0.004 (all in 
moles). Small amounts of NaOH were added to bring the pH to 
7.4. With this solution the intact heart could maintain its vigor 
for 36 hours. Van’t Hoff’s solution and sea water were found to 
be poor perfusing media. With the former the heart could beat 
for about 1 hour; and with the latter up to 4 hours. All ideal 
perfusion media should be made up according to accurate analysis 
of the blood of the animal in question. 

The intact heart of the stick insect, Carausius, and of the moth 
larva, Cossus cossus (A. Seliskar, unpublished, cf. Clark, ’27), 
‘'beat well when irrigated with a fluid of the following molar com¬ 
position : NaCl 0.22, KC1 0.002, CaCl 2 0.001. Removal of Ca 
arrested the hearts in a few minutes, but removal of KC1 produced 
no visible effects in 2 hours. Increase of KC1 to 0.02 molar pro¬ 
duced slowing of the rate of conduction . . . and arrested it in a 
few minutes. . . . Reduction of NaCl to 0.11 molar reduced the 
frequency of the heart. . . . The presence of K seems much less 
important for arthropod than for vertebrate hearts, and in many 
cases the heart functions normally in its absence. . . . Excess of 
K produces arrest.” The reason these results have been quoted 
in full is because they are remarkable in view of the fact that the 
blood of insects is rich in potassium and contains sodium in rela¬ 
tively small amounts (Bishop, Briggs, & Ronzoni, ’25; Brecher, 
’29; Drilhon, ’34). It is, however, probable that the K is mainly 
present as unionized K urate. 

b. Various cations .— (i) Sodium, potassium, lithium, rubidium. 
In isotonic NaCl the heart of the crawfish, Palinurus (Fredericq, 
’22; Zoond & Slome, ’28) enters systolic arrest. One per cent 
and 2 per cent NaCl added to Lindeman’s (’28) Ringer modifica¬ 
tion causes a marked increase in the rate and amplitude but a 
decrease in tonus of the contractions of the heart of Cambarus 
clarkii. Carlson (’06-’07, ’08), whose results have shown that 
the deganglionated unhealthy heart of Limulus will not pulsate 
automatically, found that such a heart (like curarized vertebrate 
skeletal muscle, see the classic work of Loeb, 1899) twitches rhyth¬ 
mically in pure NaCl and that the rhythm may closely approach 
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the normal rhythm. If placed in normal sea water or plasma, 
after development of the ‘ ‘ idio-muscular ’’ rhythm, the contrac¬ 
tions are quickly abolished. He suggested that NaCl may alter 
muscular tissue so as to make conductivity from cell to cell pos¬ 
sible. Such a conclusion is no longer likely since we know that 
the healthy deganglionated heart, when adequately stretched, will 
pulsate rhythmically. It is possible that the effects of NaCl are 
not qualitative but solely quantitative, i.e., enhance the conduc¬ 
tivity from cell to cell. 

Eventually pure NaCl brings the heart of Limulus and Homarus 
(Cole, et al.) to a systolic standstill. An analysis of the electro¬ 
cardiogram, during the process of NaCl arrest has been made by 
Hoffmann (’11a). 

Potassium, as 0.6 N KC1, is a primary stimulant (frequency and 
tonus) of the cardiac ganglion of Limulus (darlson, ’06e) but has 
opposite effects on a heart from which the ganglion had been 
removed. The same applies to rubidium. Lithium is a primary 
stimulant of the heart of the crayfish (Lindeman, ’28) and is 
capable of only partially replacing sodium in a suitable Ringer’s 
solution. Pure KC1, in the same concentration as in sea water, 
causes a primary decrease in frequency but an increase in ampli¬ 
tude of the heart of Maia (Polimanti, ’13). The same is, how¬ 
ever, also true for MgCl 2 (group II of the periodic table). It is 
the excess K in hypertonic Ringer’s that produces a decrease in 
frequency and increase in amplitude of the heart beat of the cray¬ 
fish (Cardot, ’21, ’22). Hogben (’25) noted that excess K, Na, 
or Rd first excites and then depresses the heart beat of Maia and 
Romania, and that the eventual arrest is in diastole. Caesium 
had no very marked effects. It is evident that ions belonging to 
group I of the periodic table (monovalent), when in isotonic solu¬ 
tion, are primary stimulants. 

(ii) Calcium, magnesium, strontium, and barium. An excess 
of Ca, Mg, or Sr causes a stoppage of the Palinurus heart in 
diastole; but Mg cannot be successfully substituted for Ca in the 
perfusion liquid (Zoond & Slome). Ringer’s solution containing 
about 10 times the ordinary amount of Ca results in a decline in 
tonus and resultant swelling of the heart of Daphnia (Levy, ’27). 
Pure 0.6 N CaCl 2 , SrCl 2 , or MgCl 2 depresses the action of the 
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median dorsal cardiac ganglion and heart muscle of Limulus 
(Carlson, ’06e) without any indications of primary stimulation. 
BaCl 2 , on the contrary, is an intense primary stimulant of both. 

The addition of 0.028 per cent SrCl 2 or BaCl 2 to the Ringer’s 
solution for the perfusion of crayfish hearts (Lindeman, ’28) 
causes an increase in tonus followed by an arrest in systole; but 
substituting 0.020 per cent SrCl 2 for the 0.024 per cent CaCl 2 in 
the usual perfusion solution results in maintaining the normal 
rhythm for five hours. Ca is a primary inhibitor of the heart of 
Maia (Polimanti, ’13) and produces diastolic standstill (Hogben, 
’25). 

Since a pure isotonic solution of Ca cations tends to produce 
cessation of the heart beat in diastole and a pure isotonic solution 
of Na ions cessation in systole, these two ions act antagonistically 
when together in solution. It is, therefore, not surprising that 
Zoond & Slome ( loc . cit.) maintained rhythmic contractions of 
the heart of Palinurus in a solution containing only Na and Ca 
cations. Na and Ca also act antagonistically in their action on 
the cardiac ganglia, the former producing primary stimulation and 
the latter primary depression. The cations in both groups of the 
periodic table, as can be noted from what has been said, do not all 
act in accordance with their classification in the table. It may be 
said, however, that the monovalent metals antagonize the effects 
of the bivalent metals and that Na and K tend to stimulate nervous 
and muscular cells to activity while Ca, Mg, and Sr tend to depress 
activity. In fact, Loeb (’06) suggested that the periodic cessa¬ 
tion of irritability in nerve or muscle, giving rise to rhythmic 
action, is due to the periodic substitution of Ca or Mg ions for 
Na or K ions, the ions passing alternately from the interior of the 
cell to the surface. 

c. Non-electrolytes. —(i) TJrea, glycerin, and sucrose have a pri¬ 
mary stimulating action on the cardiac ganglion of Limulus (Carl¬ 
son, ’06e). The pulsations of the heart of Palinurus (Fredericq, 
’22) cease rapidly when the perfusion medium is sea water con¬ 
taining 2 per cent urea. In complete contrast, the heart of the 
dogfish (cf. Clark, ’27) imperatively requires urea if it is to func¬ 
tion normally. A vigorous cardiac ganglion of Limulus, inacti¬ 
vated by a pure isotonic solution of sucrose and again restored by 
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Limulus blood plasma or sea water, will, on a second bath in a 
sugar solution, come to rest in a much shorter time. The same 
results are produced by pure isotonic solutions of urea and gly¬ 
cerin. Carlson (’06d) hence stated that the theory which holds 
that the heart standstill is due to outward diffusion and dilution 
of the electrolytes about the cells (see Loeb above) fails to explain 
these facts for there apparently must be as many of them, quali¬ 
tatively and quantitatively, during the restored rhythm as during 
the original if the heart pulsations are due to the presence of a 
definite quantity and ratio of electrolytes in the automatic tissue. 
A pure isotonic solution of sucrose may, however, have damaged 
the heart in some irreversible way. 

(ii) Adrenalin and thyroid extract, in unstated concentrations, 
increase the heart rate of Daphnia (Hykes, ’26). In a 1:100,000 
cone, adrenalin may cause a slowing of the rate; in a 1:10,000 
concentration, it may cause an acceleration both of the isolated and 
intact heart of Daphnia (Levy, ’27). It has a primary stimulat¬ 
ing effect on the heart ganglion and heart beat of Limulus (Carl¬ 
son, ’06f, and ITeinbecker, ’36) and increases the frequency and 
tone of the heart of Maia (Hogben & Hobson, ’23-’24). 

(iii) Pituitary and thymus extracts slow the heart rate of 
Daphnia (Hykes, loc. cit.) but, in quantities comparable to those 
which exist in the mammalian uterus, pituitary extract has no 
apparent action on the excised heart of Maia (Hogben & Hobson, 
’23-’24). 

(iv) Anaesthetics (ether, chloroform, chloretone, chloral hy¬ 
drate, and ethyl alcohol) have, in weak concentration, a primary 
stimulating action on the cardiac ganglion of Limulus (Carlson, 
’06) and chloroform initially increases solely the amplitude of 
the cardiac beat of the lobster (Plateau, 1880). Chloral hydrate 
at once slows the heart rate of Daphnia (Levy, ’27) but raises the 
tonus slightly. 

(v) Alkaloids . Strychnin, caffein, curare, nicotin, atropin, 
cocain, pilocarpin, physostigmin, aconitrin, veratrin, saponin, 
quinin, digitalin, adrenalin, and ergot have, in weak concentration, 
a primary stimulating effect on the cardiac ganglion of Limulus 
(Carlson, ’06f, ’22, and Heinbecker, ’36). They paralyze or 
block the cardio-inhibitor nerves but not the cardio-augmentor 
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nerves (Carlson, ’22). The paralysis of the heart tissues that 
ensues occurs in the following order: ganglion, motor plexus, 
muscle (Meek, ’08). Acetyleholin (1-500) has a primary depres¬ 
sant action and will cause a cessation of spontaneous activity in 
15 minutes (Heinbecker, loc. cit.). 

Nicotin, applied to the heart of the roach or of larvae of the moth 
Prodenia eridamia (Yeager & Gahan, ’37), in concentrations 
varying from 0.0005 to 10 per cent by weight, “ causes initial 
stimulation followed by partial depression at relatively intermedi¬ 
ate concentrations and stimulation followed by complete depres¬ 
sion and paralysis at relatively high concentrations. ’ ’ The effects 
were generally reversible. Nicotin is known to decrease the abil¬ 
ity of striated muscle to recover from the contracted state and 
thus evokes systolic arrest of the insect heart (Yeager, ’38). 

Even in large doses, curare did not paralyze cockroaches or 
beetles (Moseley, 1871) and, in Crustacea, the action of curare is 
reputedly slower than it is among vertebrates (Yung, 1878, Pla¬ 
teau, 1879, 1880; Lapicque & Lapicque, ’10, ’36). 

Digitalin, atropin, eaffein, veratrin, and nicotin, in weak con¬ 
centration, have a primary stimulating action on the heart of 
Crustacea (Yung, 1878; Pickering, 1878; Plateau, 1880) but 
muscarin, theobromin, and xanthin have no apparent effects on 
the heart of Daphnia (Pickering, loc. cit.). 

d. Hydrogen ions. The arthropod heart can function normally 
within a relatively wide pH range. The optimum pH for the 
excised heart of Palinurus (Zoond & Slome, ’28) in a balanced 
solution of only Na and Ca chlorids is 5.0. On the alkalin side 
it loses tone at about pH 8.0 but is not tolerant of slightly greater 
acidity than pH 5.0. The rhythm of the excised heart of a cray¬ 
fish has been stated to be normal within the pH range of 5.5 to 
9.0 in Lindeman’s (’28) perfusion medium. At pH’s a little 
below 5.5 there was an increase in tone but a decrease in the ampli¬ 
tude and frequency. Six-tenths N HC1 has a primary stimulating 
effect on the cardiac ganglion and a primary depressant action on 
the heart muscle of Limulus (Carlson, ’06c). Six-tenths N KOH 
has a primary stimulating effect on both the heart muscle and 
cardiac ganglion of Limulus. At pH 3 there is a marked decrease 
in the frequency of the heart of trichopterous larvae. The effects 
are reversible if not prolonged (Krey, ’37). 
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e. Carbon dioxid poisoning causes diastolic standstill of the 
heart of Limulus (Newman, ’06). If the condition is not pro¬ 
longed recovery is rapid. The heart muscle is less sensitive 
than the cardiac ganglion. 

f. Oxygen lack. The cardiac ganglion of Limulus (Newman, 
loc. cit.) will retain its activity unimpaired, when in a very defi¬ 
cient oxygen supply, for several hours. Lowering the oxygen 
pressure of the perfusion medium decreases the heart rate in the 
decapods (Plateau, 1880). 


summary 

1. The circulatory system of arthropods is of the open type. 
This means that the aorta and arteries, when the latter are present, 
open into the haemocoele. Most arthropods have no veins, or 
sinuses, but some Crustacea ( e.g ., amphipods and lsemodipods) do 
have veins though no arteries other than the dorsal aorta. The 
veins open distally into the haemocoele and communicate proximally 
with the pericardial sinus. 

2. Blood is aspirated into the pericardial sinus during the 
diastolic phase of the heart beat. The alary muscles of the dorsal 
diaphragm, by stretching the heart muscle, augment this effect. 
The extra-arterial pressure in the limbs of arthropods is less than 
atmospheric. 

3. The gills of the crab do not offer much resistance since they 
lower the blood pressure through only 6 mm. of water. In arthro¬ 
pods which respire by way of gills or lung-“ books,” the blood 
must pass through such directly before entering the heart. This 
implies that the heart is in the same transverse region of the body 
as the gills or lung-“ books” ( e.g ., hi the thorax in amphipods and 
in the abdomen in stomatopods). In those whose blood has no 
significant respiratory function the heart is located in the same 
transverse region of the body as that of the food-absorptive portion 
of the gut (e.g., the abdomen in insects). 

4. Since circulation is of the open type, movements of the viscera 
and skeletal muscles greatly enhance the circulation. 

5. The heart of many arthropods ( Peripatus , Limulus, scor¬ 
pions, spiders, many crustaceans, and “myriapods”) is supplied 
either with a median dorsal ganglion, or, as in cockroaches, with 
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a chain of ganglion cells on each lateral side. The heart of 
dragonfly larvaB is innervated solely by a pair of large lateral 
axons. The intrinsic cardiac ganglia receive nerve fibers from the 
central nervous system and give off efferent nerve fibers to the 
heart muscle and receive afferent fibers from such. The hearts of 
certain Crustacea, in contrast to those of Limulus and insects, 
contain ganglion cells scattered in their walls. 

6. The heart of many arthropods has been shown to be supplied 
by inhibitor and augmentor fibers. In Limulus , at least, the action 
of these nerves is directly on the intrinsic cardiac ganglia. 

7. The heart beat of adult Limulus , isopods, scorpions, and 
probably spiders is normally neurogenic. Myogenic automatism 
is, however, possible if the heart muscle is adequately distended. 

8. The heart beat in Limulus , lobster, and vertebrate embryos 
is myogenic. So is the heart beat of dragonfly larvae. 

9. The pacemaker is usually at the posterior end of the heart. 
But there is a continuous shift and, in certain instances, reversals 
occur at regular intervals. 

10. The tetanus of the heart muscle of arthropods is the result 
of a summation of several fundamental contractions. This is 
made possible by a not too long refractory period. 

The writer wishes to thank Prof. T. Cunliffe Barnes for having 
read and criticized this article. All responsibility, however, rests 
with the former. 
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